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EFFECT OF DISTRIBUTED GRANULAR-TYPE ROUGHNESS
ON BOUNDARY-IAYER TRANSITION AT SUPERSONIC
SPEEDS WITH AND WITHOUT SURFACE COOLING

By Albert L. Braslow
SUMMARY

An investigation was made in the Langley 4- by L4-foot supersonic
pressure tunnel at Mach numbers of 2.0l and 1.61 to determine the effect
of a distributed granular-type roughness on boundary-lsyer transition
for the model surfaces at equilibrium temperature arid at values of the
temperature considersbly less than equilibrium. Velocity fluctuations
in the boundary layer were observed by means of a hot-wire anemometer.

The trensitlion-triggering mechanism of the three-dimensional roughness
at supersonlc speeds appeered to be the same as that previously observed
&t subsonlc speeds. In fact, the critical value of the roughness Reynolds

number perameter Ry g (i.e., the value at which turbulent "spots" are

initiated by the roughness) was found to be approximately the same at
supersonic and subsonlc speeds when complete local conditions at the top
of the roughness, including density and viscosity, were considered in

the formulstion of the roughness Reynolds number. For three-dimensionsl
roughness at a Reynolds number less than its critical value, the rough-
ness introduced no disturbences of sufficlient magnitude to influence
transition. Surfece cooling, slthough providing a theoretical increase
in stebility to small disturbances, did not increase to any lmportent
extent the value of the critical roughness Reynolds number for distributed
granular-type roughness. Cooling, therefore, because of 1ts effect on
boundary-layer thickness, density, and viscosity actually promoted tran-
sition due to exlstlng three-dimensionel surface roughness for glven Mach
and Reynolds numbers.

INTRODUCTION

A low-speed experimental investigation of the effect of distributed
grenular-type roughness on boundsry-layer transition as reported in
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reference 1 indicated that, when the roughness ls sufficlently submerged
in the boundary leyer to provide & substantially linear varlation of
local velocity with distance from the surfece up to the top of the rough-
ness, turbulent "spots" begin to appear immedlately behind the roughness
when a local roughness Reynolds number based on the velocity at the top
of the roughness and the roughness helght exceeds & value of approxi-
metely 600. These data, as well as those of references 2 and 3, for
example, indicate that at roughness Reynolds numbers even sllghtly below
the critieal value, three-dimensional type roughness introduces no dis-
turbances of sufficlent megnitude to influence transition but that only
a very small increase of roughness Reynolds number above the critical
value is required to move trensition substantially up to the roughness.
This mechanlsm of transition 1s in sherp contrast with experience with
two-dimensional-type disturbances (for example, full-span cylindrical
wires) where transition occurs some distance downstream of the roughness
and greduelly moves forwerd to the roughness position as the Reynolds
number is incressed (ref. k).

The purpose of the present experiments was to extend the Investiga-
tion of reference 1 to supersonic speeds to determine whether the
transition-triggering mechanism of distributed three-dimensionsl parti-
cles 1s the same at supersonic speeds as that observed at subsonic speeds
and to determine the critical value of the roughness Reynolds number at
the higher speeds. In addition, informetion on the effects of surface
cooling on boundasry-layer transition assoclated with surface roughness
was desired.

It is well known from the theories of amplification of small dis-
turbances in & laminar boundary layer that, for a "stable" laminar layer,
small two- or three-dimenslonal disturbances will damp out as they move
downstream. It is also known that elther boundery-layer suction or
cooling hes & stabllizing effect on the laminar layer for these theo-~
retically small disturbances. Depending upon the amount of suction
(ref. 5, for example) or cooling (refe. 6 to 9), then, the transition
Reynolds number based on the extent of leminar flow can be apprecilably
increased over the natural transition Reynolds number 1f the surfaces
are suffilclently devoid of elther three-dimensional or two-dimensional
types of roughness elements. For two-dimensional roughness elements of
finite size, 1t has been found that cooling can have a benefilcial sta-
bilizing effect in that some lncrease in transition Reynolds number can
be cbtained depending upon the value of Mach number, size of the two-
dimenslonal roughness, and amount of cooling. (See ref:8.) For three-
dimensional roughness elements of finite slze, however, reference 10
indicated that at subsonlc speeds, at least, the critical value of the
three-dimensional roughness Reynolds number was not greatly increased
when the boundary leyer was stabilized through spplication of continuous
suction. This difference in the effect of laminar boundary-layer
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stability on the initietion of turbulence caused by two-~ or three-
dimensionel-type roughness is associated with the basic difference in
the triggering mechenism of turbulence that has been experimentally
determined for the two types of roughness as previously described. That
is, disturbances resulting from two-dimensionsl roughness appesr to be

of the Tollmein-Schlichting type and are subject to amplification
theories whereas dlsturbences resulting from three-dimensional roughness,
on the basis of low-speed experimentation, do not appear to be sublect
to such stability arguments. In order to determine at supersonic speeds
the sensitivity to three-dimenslonal distributed roughness of the laminar
boundary layer with increased stebllity, the model of the present lnves-
tigation was aslso tested with the surfaces cooled.

The investigation wes mede on & 10° cone in the Langley U4- by 4-foot
supersonic pressure tunnel primarlly at a Mach number of 2.01 with a few
tests made at a Mach number of 1.61. Various combinations of distributed
roughness slze and locatlion were investigated with the cone surface at
both its equilibrium temperature and cooled. Indications of the nature
of the boundery-layer flow were obtained by means of a hot-wire anemometer.
Only part of the results obtailned in this investlgeation is presented herein
in order to expedlite publication.

SYMBOLS

height of projection

M, free-stream Mach number

8 surfece distance from cone apex

u local streamwlse component of velocity inslde boundary layer

i) local velocity Just outslde boundary leyer

v coefficlent of kinemstic viscosity

R! Reynolds number per foot based on velocity and kinemstic
viscosity outside boundary layer, U/v

Ry projection Reynolds number based on roughness height and
velocity and kinemetic viscosity at top of roughness,
ke vy

Ty surface temperature, °r
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Subscripts:
k condltions at top of roughness projection
t conditions at which turbulent spots sppesar

MODEL

A 10° cone configurstion was used in the present investigation.
Actually two different models were used for different phases of the pro-
gram: (1) a solid aluminum-alloy cone 24 inches long and (2) a hollow,

thin-walled, stalnless-steel cone 25% inches long for the cooling tests.

Although the lstter model was not the most desirable for heat-transfer
experiments because of the inebility to attaln a uniform longitudinal
temperature distribution when cooled, it was used because of its aveil-
ability, and 1t did permit attainment of valld effects of surface cooling
on boundary-leyer trensition in the presence of surface roughness. A
sketch of the hollow model presented in figure 1 Includes the locstions
of iron-constantan thermocouples used to measure the surface temperatures
and a photograph of thls model 1s presented es figure 2.

APPARATUS AND TESTS

The investigetion was made st Mach numbers of 2.0l snd 1.61 in the
Lengley 4- by 4-foot supersonic pressure tunnel, which is a rectangular,
closed-throat, single-return wind tunnel with provisions for control of
the alr stagnation pressure, temperature, and humidity. The sppearance
of transition was observed by meens of a hot-wire anemometer, the output
of vhich wes fed into an oscilloscope. The wire, which was & 3/32-inch
length of 0.0003-inch-dismeter tungsten, was arranged to be sensitive
only to variations in the u-component of veloclity and was located approxi-
mately 6 inches from the base of the model. Three hot-wires were located
circumferentially 120° spart at this longltudinal station in order to
improve the probability of retaining a wire for the duration of s test
run. These odds proved satisfactory because no runs were aborted due to
loss of all three wires, although at least one wire was lost each time.
Records of the hot-wire response to velocity fluctuations were made by
photographing the traces on a ecathode-ray tube.

Cerborundum grit of varlous size, thinly spreed over the surface in
strips of about 3/16-inch width, was used as the distributed three-
dimensional roughness. Closeup photographs of three representative
strips are presented as flgure 3. For each of the followlng lnvestigated
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combinations of roughness size and locatlon along the surface from the
cone apex, the roughness wes submerged in the boundary layer:

Surface distance Grit Mean grit Maximum grit
from cone apex, no height, height present,
in. * in. in.

1 180 0.0035 0.005

2 180 .003%5 .005

2 80 L0083 .010

3 80 .0083% .010

3 TO .0098 015

5 60 L0117 .023

5.9 2ko .0029 , .003
10.3 60 0117 .023
10.4 80 .0083 .010
10.4 80 .0083 011
12.5 60 L0117 .019

The height of the particles in each roughness strlp tested was carefully
measured with a 15~power shop mlcroscope before and after each test run.
The maximum grlt height found is listed in the last column of the table.

The model was cocled by neans of liquid carbon dioxide which was
sprayed into the lnterior of the hollow model through small orifices

drilied in and near the end of a %-inch—diameter copper tube. The tube

was brought through the base of the model end was located approximastely
es Indicated in figure 1.

The test procedure consisted of starting the tunnel at a low value
of stagnation pressure and equivalent unit Reynolds number and then
graduslly incressing the Reynolds number to & value somewhat greater than
that required for the initiation of turbulent spots behind the roughness.
Photographs of the hot-wire response were taken for various types of
boundery-layer flow throughout the stagnation pressure range. For the
cooling tests, the model was cooled when the unit Reynolds number was
adjusted to the critlical point, that 1s, the stagnation pressure at which
turbulent spots began to appear. Photograsphs of the change 1ln boundary-
layer character were made and then the stagnatlon pressure readjusted to
return the flow to the almost completely laminar condition (i.e., with
the occurrence of spots) at which point photographs were again taken.

The distribution of surface temperature was recorded simultaneously on
recording-type Brown potentlometers and a direct correlation was kept
between the oscillograph photographs, potentiometer records, and tunnel
stagnation pressure and temperature. For large amounts of cooling, frost
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formations on the model surface inltlated occurrence of turbulent spots
and in some ceses resulted In wire bresksge, probably due to collislon

of lce particles with the hot wire. The dats presented have been limited
to frost-free conditions. ’

RESULTS AND DISCUSSION

A representative example of the various types of boundary-layer flow
observed is given in figure 4 in the form of hot-wire traces of the time
verlation of velocity in the boundery layer. On the vertical scale of
the figure is glven the value of tunnel unit Reynolds number (Reynolds
number per foot) corresponding to each trace. The points of light photo-
graphed on each trace are timing polnts, the spacing of which corresponds
to 1/120 second with time increasing from left to right. The amplifier
and oscillograph attenuations were maintained the same for all hot-wire
traces taken during each test run.

Pigure 4 indicates that transition is iniltiated in the form of infre-
quent disturbances of very short duration that increase in frequency as
the unit Reynolds number increases. These observed changes 1n the charac-
ter of the boundary layer with changes in Reynolds nuiiber are similar to
those observed at subsonlc speeds in reference 1 and are conslstent with
the concept of the origin of turbulence as turbulent spots that grow in
size as they move downstream (ref. 11). The hot-wire traces of figure 5
also verify the indications of references 1 to 3 that for three-dimensional
roughness at a Reynolds number less than its critical value, the roughness
willl Introduce no disturbances of sufficient magnitude to influence tran-

sition. At a unit Reynolds number of 2. 86 x 106 the flow was laminar for
both the model smooth condition and for the model with 0.003-1inch rough-
ness located 5.9 inches from the cone apex. At a unit Reynolds number of

3.29 X 106, infrequent turbulent spots gppeared at the hot-wire location
for both model surface conditions, and an increase in the unit Reynolds
number increased the frequency of occurrence of the spots until the flow
was almost completely turbulent at & unit Reynolds number of sbout

k,0 x 106. Although for the same or slightly lower values of the unit
Reynolds number the turbulent spots appear to occur somewhat more fre-
quently for the rough surface condlition than for the smooth condition,

the differences involved are assoclated wlth such small inerements in
Reynolds number within the range required to change the flow from the
initial formation of spots to the fully turbulent condition that it appears
highly improbable that a repeat test for elther surface condition could
duplicete the comparisons to such a degree of accuracy. In fact, these
differences are of the same order of megnitude as typlcal scatter in other
experimental investigations of transition such as found in reference 12.
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If the roughness applled to the model for the test of figure 5 had intro-
duced significant disturbances into the laminar layer, transition would
have occurred at the hot-wire location at an sppreciably lower value of
the Reynolds number than that required to move transition forward of that

point with the model smooth (3. 3 x 106 < R' < 4.0 x 106).

Correlation of boundary-layer transition due to a randomly distrib-
uted three-dlmensionel type of surface roughness has been accomplished
at subsonic speeds in reference 1 on the basls of a critical local rough-
ness Reynolds number formulated with the velocity at the top of the rough-
ness and the roughness height. That such a roughness Reynolds number
should afford a basls for correlation 1s founded on the concept that for
geometrically similar projectlons immersed in the lineasr portion of the
variatlion of boundary-layer veloclty with distance from the surface, dis-
crete disturbances form at the roughness particles when the local Reynolds
number of the flow ebout the roughness reaches a critical value. The
critical value of this roughness Reynolds number for the roughness of
reference 1 was found to be approximately 600. The results of the present
investigation at supersonic speeds for the model surface at equilibrium

temperature are summarized in figure 6 in the form of a plot of Vﬁk "

2
agelinst roughness location for the various roughness sizes tested. The
square root of the roughness Reynolds number was chosen as the variable

inasmuch as the value Rk % 1s more nearly proportional to the critical
J
projection height than Rk,t for the projection submerged in the linear

portion of the boundary-layer veloelty profile. At supersonic speeds,
where & varlation of density and viscoslty as well as veloclty exists
through the boundary leyer the exponent of Rk,t for linearity with k

is even smaller than %. In order to consider the effect of Mach number
on the boundary-leyer density and viscosity, the values of the roughness
arsmeter R for the supersonlic results were obtalined with the use
P e \/ X,t e sup c

of kinematic viscosity based on conditions at the top of the projection

as well as the helght of the projection and the velocity at the particle
helght. The partlicles of meximum helght measured ln each roughness strip
(as presented in the table in the section entitled "Apparatus and Tests")
were used for determinstion of the critical roughness Reynolds numbers.
The veloclty and temperature dilstributions through the boundary leyer used

in the computation of ,/ﬁk t were calculated by the methods of refer-

ence 13 corrected from the flat plate to the cone conditlons by Mangler's
transformaetion. For these calculations, the experimental longitudinal
distribution of surface tempersture was epproximasted with a polyaomial,
as suggested in reference 13. It is apparent from figure 6 that approxi-

mately the same value of the roughness parameter VRk,t as determined in
reference 1 can be used, for practical purposes, to predict the initiation



8 NACA RM L58A17

of turbulence caused by distributed three-dimensional roughness at super-

sonic speeds at least up to & Mach number of 2 when the value of Rk %

1s based on the local density and viscosity as well as the local velocity
at the roughness heilght. It seems reasonsble to expect that the same
transition phenomenon and approximste critical value of roughness Reynolds
number would be applicable for further moderate increases in the value of
supersonic Mach number.

The effect of surface cooling in the presence of roughness on boundary-
layer transition is shown in figure T by & comparison of the hot-wire
traces observed for the cone surfaces at equilibrium temperature and for
the cone surfaces cooled es indicated in figure 8. It was clearly demon-
strated that when the roughness Reynolds number was Jjust critical, that
is, when turbulent spots began to appear with the surface at equilibrium
temperature, cooling the cone surface resulted In a completely turbulent
boundary layer. In fact, for the cooled condition it was necessary to
decrease appreciably the tunnel unit Reynolds number in order to return
the boundary layer to the laminar condition. Associated with the surface
cooling for glven values of roughness slze, stream Reynolds number, and
Mach number 1s an increase in roughness Reynolds number Ry caused by an

increase 1in velocity at the top of the particle due to a thinning of the
boundary layer and an lincrease in convexity of the velocity profile as well
as en lncrease in local density and a decrease in local viscosity due to
the lowered boundery-layer temperature. The fact that transition resulted
from this increase in roughness Reynolds number indicates that the criti-
cel value of roughness Reynolds nunmber was not increased to any important
extent by the theoretical increase in laminar boundsry-lsyer stability to
small disturbances resulting from the surface cooling. This conclusion is

verified by the close agreement in the values of \/Rk + Ppresented in fig-

ure 6 for the cooled model and for the model with the surface at equilib-
rium tempersiure and is consistent with reference 10 where it was shown
that a laminar boundery layer made stable to vanishingly small disturb-
ances by means of continuwous suction was less sensitive to the finite
three~dimensional type of surface disturbance only to & minor degree.

The present results also offer & most plausible explanation for the rever-
sal in the trend of increasing transition Reynolds number with increased
cooling that was noted in references 6, 9, and 1.

CONCLUSIONS

An investigation in the Langley 4- by L4-foot supersonic pressure tun-
nel to determine the effect of distributed granular-type roughness sub-
merged in the laminar boundery lsyer on boundery-layer transition at
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supersonic speeds with and without surfece cooling indicates the fol-
lowlng conclusions:

1. The transition-triggering mechanism of distributed three-
dimensional partlcles appears to be the same at supersonic speeds as
that previously observed at subsonic speeds.

2. The value of the three-dimensional roughness Reynolds number
parameter VRk,t at which turbulent “"spots" begin to asppear behind the

roughness is spproximastely the same at supersonic and subsonlc speeds
when the roughness Reynolds number is based on the local values of den-
slty and viscosity as well as velocity at the top of the roughness and
the roughness height.

3. For three-dimenslional roughness at & Reynolds number less than
its criticel value, the roughness introduces no disturbances of suffi-
cient magnitude to influence transition.

4, The critical three-dimensional roughness Reynolds number is not
increased to any important extent by increasling the laminar boundsry-

layer stabllity to small disturbances through the use of surface cooling.
For a given stream Mach nunber and Reynolds number, then, surface cooling
will promote transition due to existing three-dimenslonal roughness inas-
much as the actuel value of roughness Reynolds number is iIncreased by the

effect of cooling on boundary-layer thickness, density, and viscosity.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsuties,
langley Field, Va., January 2, 1958.
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Figure 1.- Sketch of hollow 10° cone used for cooling tests. All dimensions in inches.
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Figure 2.- Photograph of 25% - inch-long 10° cone model. L-57-4943.1



(a) Cerborundum grit No. 60. L-5T-49h4k .1

Figure 3.- Closeup photographs of representative strips of distributed granular-type roughness
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L-57-4945.1

(v) Cerborundum grit No. 80.

Figure 3.~ Contlnued.
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(e} Carborundum grit No. 180.
Figure 3.- Concluded.
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———— My = 2.01 {corresponds to trace 12-18 of fig. T(a)
—— == Mgy = 1.6l (corresponds to trace 13-11 of fig. 7(b)
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